After decades of intensive research, the pathogenesis of multiple sclerosis (MS) remains enigmatic. Neuroimaging has fueled the discovery of hitherto underestimated or unknown pathophysiologic aspects of MS, revealing, for example, widespread damage to normal-appearing white matter and cortical and deep gray matter. 1 While this growth of neuroimaging knowledge shaped the current understanding of the disease, it also underscored its complexity.
More specifically, the use of fMRI provided important insights into functional changes associated with the disease. Within the motor system, extensive cerebral activation has been noted in patients with benign MS yet substantial tissue damage, consistent with compensatory and tissue damage-related functional cortical reorganization.
2 fMRI studies employing cognitive tasks showed increasing functional alterations with progression of MS, suggesting similar mechanisms might be active in cognitive domains. 3 However, such task-evoked fMRI studies need to resort to a priori hypotheses as a foundation for the experimental design. Conclusions therefore can only be drawn on processes involved in the task chosen (e.g., with an n-back task on working memory), and results are often hampered by ceiling and floor effects related to cognitive or behavioral constraints. In this respect, data-driven analyses (such as independent component analysis [ICA]) of resting-state (RS) fMRI offer advantages, promising assessment of "resting-state networks" (RSNs), which are purported to reflect intrinsic energy demands of neuron populations that, firing together with a common functional purpose, are subsequently wired together through synaptic plasticity. 4 Eight most common RSNs have been identified: RSNs located in the primary visual cortex; the extrastriate visual cortex; the auditory and other association cortices; the somatomotor cortex; the "default mode network" (DMN), an executive control and salience processing network; and 2 right-and left-lateralized frontoparietal RSNs implicated in working memory and cognitive attentional processes. 4 In this issue of Neurology ® , Rocca et al. 5 elegantly utilized fMRI in a remarkably large clinical cohort of 85 patients with relapsing-remitting (RR) MS and 40 matched controls, analyzing RS fMRI data via ICA to probe intrinsic functional connectivity (FC) and functional network connectivity of brain largescale RSNs, correlating findings with clinical and MRI metrics of disease. Patients with RRMS demonstrated decreased RS FC in several key RSNs (salience, executive control, working memory, DMN, sensorimotor, and visual), but also showed increased RS FC in the executive control and auditory RSNs. Decreased RS FC correlated with increasing disability and T2 lesion load, but not disease duration. Compared to controls, patients had increased FC between the executive control and salience network and showed decreased connectivity with the DMN-RSN. Together, these data provide the first compelling evidence for widespread functional abnormalities within and among large-scale brain networks in MS that appear to be related to the MRI lesion burden and levels of disability.
While this study provides an important window into the interactive nature of large-scale brain networks, it also raises questions. There are methodologic and interpretative issues that remain to be resolved 4 ; while RSN analysis is not influenced by task performance differences across groups, group differences in blood flow, or more specifically oxygen flow, may have a significant effect, as the blood oxygen level-dependent (BOLD) response used in fMRI represents a surrogate signal of neural activity, influenced by changes in oxygenation, blood volume, and flow. As non-neuronal physiologic signals may interfere with end interpretations of RS BOLD fMRI, monitoring and compensating for respiratory, pulsatile, or cardiovascular noise has been suggested. approach, correcting their analyses by age, sex, and gray matter volume. Further, it appears unexpected that disability scores were related to FC in regions of the executive control, DMN, and working memory networks, but not in any of the sensorimotor networks, which should be more closely linked to Expanded Disability Status Scale (EDSS) performance. Future studies thus should include patients with a wider range of disability compared to the Rocca et al. cohort (median EDSS 2.0). Importantly, many of the large networks are cognitive in nature. Given that cognitive impairment is observed in many but not all patients with RRMS, 6 it will be of interest to examine how widespread reduction in RS FC networks explains the variance in frequency and degree of cognitive impairment. The Rocca et al. study does not address this issue, although recent work indicates this is important. 7 The Rocca et al. 5 study provides a firm foundation for future work. The authors describe their whole-brain data analysis as unbiased because they made no a priori decisions. While useful on the one hand, this also leaves us with a large number of between-group differences in multiple areas without much understanding about their implications. Perhaps the most important finding of this article is that there are indeed many real differences in FC between MS and controls, but future research will have to figure out what these really mean. This should stimulate the research community to set up longitudinal studies that clarify the functional and neurologic consequences of such network changes; equally important is to determine whether such functional deviations are an epiphenomenon of disease progression, or, alternatively, are protective against the expression of clinical deficits. For example, intellectual enrichment may lessen the negative effect of brain atrophy on both learning and memory in MS. 8 Given new analytical approaches that have already identified multiple new temporal functional modes of the brain (including several quite different from RSNs previously reported), 9 the future heralds further progress in this area. Finally, the use of advanced RS FC techniques as demonstrated by Rocca et al. to examine how complex neural networks and their phenotypic expressions (e.g., cognition) are altered from genetic and environmental factors can potentially result in substantial advances in our understanding of how disease affects brain and its functional consequences.
